We develop a numerical method to calculate the dc Josephson current between the d x 2 Ϫy 2-wave superconductors. The Josephson junctions are described by the Bogoliubov-de Gennes equation on the twodimensional tight-binding lattice. The Josephson current is expressed by the Matsubara Green function which is computed by the recursive Green-function method. We find in d-wave-superconductor/dirty-normal-metal/ d-wave-superconductor junctions that the ensemble average of the Josephson current disappears for all temperature regimes when the angle between the crystal axis and the normal of the junction interface is /4.
In recent years, the Josephson effect between the anisotropic superconductors has attracted much attention because the high-T c superconductors might have d x 2 Ϫy 2-wave pairing symmetry. 1, 2 In anisotropic superconductors, the sign of the pair potentials depends on the direction of a quasiparticle's motion, which leads to the zero-energy states ͑ZES's͒ ͑Ref. 3͒ at the normal-metal/superconductor (NS) interface. The ZES's are detected in conductance spectra of N/I/d-wave superconductor junctions, 4 where I denotes the insulators. So far the dc Josephson effect has been discussed in dId junctions. [5] [6] [7] [8] [9] The critical Josephson current shows anomalous dependence on the temperature because of the ZES's. It is also shown that the roughness at the interface between the insulator and the superconductor suppresses the anomalous behavior. 5, 9 The Josephson current also flows in systems such as dcd ͑Ref. 10͒ and dNd ͑Refs. 8, 11, and 12͒ junctions, where c is the constriction. The mesoscopic fluctuations of the critical current is one of the interesting topics when the normal metals is in the diffusive transport regime. 13 In this paper, we present a numerical method to calculate the Josephson current between the two d-wave superconductors. The Josephson junction is described by the Bogoliubov-de Gennes equation 14 on the two-dimensional tight-binding model. 15, 16 The Josephson current is represented by the Matsubara Green function 17 which is numerically calculated by using the recursive Green-function method. 18 The advantage of the method is wide applicability to various systems such as, the clean ͑ballistic͒ junctions, the dirty ͑diffusive͒ junctions, and the junctions in the localization regime.
Let us consider the dNd junction on the two-dimensional tight-binding model as shown in Fig. 1͑a͒ , where the length of the normal segment is La 0 and the width of the junction is Wa 0 , where a 0 is the lattice constant. The pair potential in the momentum space is schematically depicted in the lower figures. In the d x 2 Ϫy 2-wave superconductor, the a axis points the direction in which the amplitude of the pair potential takes its maximum. The orientation angle between the x direction and the a axis is ␣ L and the phase of the pair potential is L in the superconductor on the left-hand side. On the right-hand side, they are ␣ R and R , respectively. The Hamiltonian of the system reads
The dNd junction is illustrated in ͑a͒. The orientation angle in the left ͑right͒ superconductor is ␣ L (␣ R ). In ͑b͒, the pair potential in Eq. ͑6͒ is depicted on the tight-binding lattice.
where ( j,m) is the lattice index, c j,m, † (c j,m, ) is the creation ͑annihilation͒ operator of an electron at ( j,m) with spin (ϭ↑ or ↓), t is the nearest-neighbor hopping integral, and is the Fermi energy, respectively. Throughout this paper, we take units of បϭk B ϭ1, where k B is the Boltzmann constant. In the y direction, the periodic boundary condition is applied. We assume that the on-site potential ⑀ j,m is zero far from the interface in the two superconductors ͑i.e., ⑀ j,m ϭ0 for jϽ j L р0 and Lϩ1р j R Ͻ j). In the d-wave superconductor the pair potential ⌬ (R,rϪrЈ) has the site-offdiagonal elements, where rϭ( j,m), rЈϭ( jЈ,mЈ), Rϭ(r ϩrЈ)/2, respectively. In what follows, we assume the uniform amplitude of the pair potential in the superconductors and neglect the dependence of ⌬ on R. The pair potential is given in the Fourier representation
In the case of the d x 2 Ϫy 2 symmetry, the Fourier component of the pair potential for ␣ϭ0 and ␣ϭ/4 can be described by
where ⌬ and (ϭ L or R ) are the amplitude and the phase of the pair potential, respectively. When Ϫ/4р␣ р/4, we describe the pair potential by the linear combination of Eqs. ͑3͒ and ͑4͒, ⌬ ͑ k,␣, ͒ϭcos 2␣⌬͑k,0, ͒ϩsin 2␣⌬͑k,/4, ͒. ͑5͒
By substituting Eq. ͑5͒ into Eq. ͑2͒, the pair potential in real space results in
The pair potential is schematically illustrated in Fig. 1͑b͒ . The Hamiltonian in Eq. ͑1͒ is diagonalized by the Bogoliubov transformation
where ␥ , † (␥ , ) is creation ͑annihilation͒ operator of a Bogoliubov quasiparticle. We omit the spin index of the wave function (u ,v ) since we do not consider the spindependent potential in this study. The wave function satisfies the Bogoliubov-de Gennes equation in a matrix form
͑17͒
Here E is the eigenvalue measured from the chemical potential of the junction. The wave function ⌿ ( j) is the vector with 2W components and mth (mϩWth) component is u ( j,m) ͓v ( j,m)͔. The WϫW (2Wϫ2W) matrices are indicated byˆ(ˇ) and the unit matrix is denoted by 1 . The Matsubara Green function is defined by
where n ϭ(2nϩ1)T and T are the Matsubara frequency and the temperature, respectively. The Josephson current in the normal region (1р jрL) is derived from the current conservation low
where t and ͗•••͘ denote the time and the thermal average, respectively. In the dc Josephson effect, we note that J( j) is independent of j because the first term in Eq. ͑19͒ becomes zero. When we calculate the current in the superconductors, the source term proportional to the order parameter must be added in Eq. ͑20͒.
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In order to calculate the Green function in Eq. ͑20͒, we apply the recursive Green-function method. 18 First we calcu- 
starting from jϭ j L in Eq. ͑21͒ and jϭ j R in Eq. ͑22͒, respectively. The Green function Ǧ n ( j N , j N ) is computed by using the formula
͑23͒
for jϭ j N . Then we obtain the off-diagonal Green functions in Eq. ͑20͒ by the relations
for jϭ j N . Finally the Josephson current is calculated by carrying out the summation with respect to the Matsubara frequency. Here we briefly mention the method to calculate initial Green functions ͑i.e., Ǧ j L Ϫ1 L and Ǧ j R ϩ1 R ). The initial Green functions can be obtained analytically for the s-wave superconductor. 17 In the case of d-wave superconductor for ␣ 0, however, it seems to be difficult to derive an analytic expression. In this paper, we apply a numerical method which was used to obtain the initial Green function in the uniform magnetic field. 19 In this method, it is possible to calculate numerically the initial Green function when the system under consideration has the translational symmetry in the x direction. In the original paper, 19 the retarded Green function is computed. It is possible to apply the method to the Matsubara Green function without any difficulty.
At first we apply the present method to dId junctions in order to check the validity of the method. In Fig. 2͑a͒ , we show the calculated results of the Josephson critical current as a function of the temperature for several choices of (␣ L ,␣ R ), where Lϭ5, Wϭ20, ϭ1.0t, and R J is the resistance of the junction, respectively. We assume that the dependence of ⌬ on the temperature is described by the BCS theory and the critical temperature is T c ϳ0.57⌬ 0 , where ⌬ 0 is the amplitude of the pair potential at Tϭ0 and is 0.1t in Fig. 2 . In the normal segment, the barrier potential is chosen to be ⑀ j,m ϭ4.0t for 1р jрL. In these parameters, the Josephson current is proportional to sin( R Ϫ L ). The results for (␣ L ,␣ R )ϭ(0,0) show the saturation in the limit of T
→0.
The results for (␣ L ,␣ R )ϭ(/8,/8) and (/4,/4) increase sharply with decreasing the temperature because of the ZES at the interface. In the case of (␣ L ,␣ R )ϭ(/8, Ϫ/8), the Josephson current changes its sign around T/T c ϳ0.12. The ZES is a source of the sign change in the Josephson current. The present numerical method reproduces the characteristic behavior of the Josephson current in the previous works. [5] [6] [7] [8] [9] We consider the roughness at the interface between the insulator and the superconductor in Figs. 2͑b͒ and ͑c͒. The potentials at jϭ1 and L are described by ⑀ j,m ϭ4.0tϩṽ j,m , where ṽ j,m are given randomly in the range of Ϫv n /2рṽ j,m рv n /2. In the same way, the potential at jϭϪ1 and Lϩ1 are given randomly in the range of Ϫv s /2р⑀ j,m рv s /2. In Fig. 2͑b͒ , we introduce the interfacial roughness on the insulator side, ͑i.e., v n ϭ0.5t,v s ϭ0). The characteristic behavior of the Josephson current is almost the same with that in the clean dId junction in Fig. 2͑a͒ . On the other hand in Fig. 2͑c͒ , the roughness is introduced on the superconductor side, ͑i.e., v n ϭ0,v s ϭ0.5t). In the limit of T→0, the singular behavior in J c is suppressed because the ZES is broadened due to the roughness at the interface. 5 Since the ZES is localized at the interface on the superconductor side, the random potential in the superconductor suppresses the low-temperature anomaly.
Next we apply the method to dirty dNd junctions. In Fig.  3 , we show the Josephson current at R Ϫ L ϭ/2 as a function of the temperature, where Lϭ70, Wϭ20, and ⌬ 0 ϭ0.01t, respectively. The results for (␣ L ,␣ R )ϭ(0,0) and (/4,/4) are shown in ͑a͒ and ͑b͒, respectively. We introduce the barrier potential at the interface, ⑀ j,m ϭ4t for jϭ1 and L, and the random potential in the normal segment, FIG. 2 . The critical Josephson current in dId junctions is plotted as a function of the temperature for several choices of (␣ L ,␣ R ). In ͑a͒, the calculated results for clean dId junctions are shown. In ͑b͒ and ͑c͒, we consider the roughness at the interface between the d-wave superconductor and the insulator. The random potential is introduced on the insulator side in ͑b͒. On the other hand, in ͑c͒, the random potential is introduced on the superconductor side.
Ϫv n /2р⑀ j,m рv n /2 for 2Ͻ jϽLϪ1. The mean free path and the localization length in the normal conductor are about 6.8a 0 and 59a 0 , respectively. In the present method, it is possible to calculate the Josephson current of a single sample with specific random configuration. This is one of the advantages of the present method because the Josephson current of a specific sample in the simulation corresponds to that of a specific sample in experiments. The ensemble average of the Josephson current is obtained from the results in a number of samples with different random configuration. In Fig. 3 
